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Briefly, frozen cells were lysed in 1X Passive Lysis Buffer and reporter gene activities were 2 1 2 measured first in LARII reagent (firefly luciferase internal control) and second in Stop & Glo 2 1 3 reagent (Renilla luciferase experimental reporter gene). Read times for both were 10 seconds. Renilla/firefly ratios were compared. Western blotting: Cell lysates were prepared in ice cold RIPA buffer (50 mM Tris pH 8.0, 1 2 1 6 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 140 mM NaCl) 2 1 7 with 1X cOmplete EDTA-free Protease Inhibitor Cocktail (Roche, 11873580001). Total protein 2 1 8 concentration was measured with a BCA protein assay kit (Pierce, 23250) and 20 μ g total protein 2 1 9 was resolved by 10% PAGE and transferred to nitrocellulose membrane. Standard western 2 2 0 blotting techniques were employed with all antibodies diluted in TBS/0.1% tween-20/4% nonfat 2 2 1 dry milk. 1:2,000 α -GFP (Santa Cruz Biotechnology, sc-8334, rabbit polyclonal) and 1:5,000 α -2 2 2 Gapdh (Cell Signaling Technology, 2118S, rabbit monoclonal 14C10) were used as primary 2 2 3 antibodies and horse radish peroxidase-linked goat anti-rabbit (Jackson Immunoresearch, 111-2 2 4 035-144) was used as secondary. Immunostaining and microscopy: Cells were seeded at a density of 100,000 cells per well in 6-2 2 6 well dishes on glass coverslips that had been silanized, gelatinized, and glutaraldehyde-2 2 7 crosslinked to promote adhesion of myotubes. Cells were harvested by washing once in 37°C 2 2 8 PBS + 0.4% glucose and fixed 5' at room temperature in 3% paraformaldehyde diluted in PBS. Paraformaldehyde was quenched with 50 mM ammonium chloride. Fixed cells were 2 3 0 permeabilized 5' at room temperature in PBS/0.1% triton X-100 (Permeabilization Solution 2 3 1 (PS)) and blocked in Blocking Solution (BS: PS/1% BSA/1% normal goat serum) while rocking. Myosin heavy chain was probed with F59 as primary antibody (Developmental Studies 2 3 3 Hybridoma Bank; custom production from hybridoma cells) and AlexaFluor568-linked goat anti- AlexaFluor568, and DAPI) was performed on a Nikon TE2000 inverted fluorescent microscope 2 3 7 with a 20X objective connected to a Nikon DS-QiMc-U3 camera controlled through the NIS- Elements AR software version 4.00.03. Exposure times for a given channel were kept constant 2 3 9 for all slides. Raw images were processed with the Image5D plugin in ImageJ using the same 2 4 0 settings for a given channel across all images.
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Nuclear fusion index and myotube area calculation: Fusion indices were calculated from the 2 4 2 percent of total nuclei residing in syncytia (syncytium defined as a cell with 2 or more nuclei). 8- number of nuclei in syncytia was tabulated and divided by the total nuclei in each field. Myotube given field of view were individually opened in ImageJ. Each was inverted and thresholded (the 2 4 7 same threshold for a given channel was applied to all images) to create a binary black and white mask. The Analyze Particles function was run on each myosin and DNA image and the area of 2 4 9 the myosin image was divided by the area of the DNA image (to normalize for potential 2 5 0 differences in cell density across cell lines and across different fields of view). A representative 2 5 1 set of thresholded image masks is displayed in Supplementary Figure 1 . Graphing and statistical analysis: All graphing was done with GraphPad Prism and statistical 2 5 3 significance was assessed by one-way ANOVA with a Dunnett's post-test to compare to the 2 5 4 control condition or a Tukey's post-test to compare all pairs as noted for multiple comparisons. data points for GFP control and Srsf9-GFP cell lines. Curve fits were compared to determine 2 5 9 whether they were statistically different. A p-value cutoff of 0.05 was the minimum for approach. We reasoned that miR-1/206 target genes would be expressed in myoblasts as they are 2 6 6 poised to differentiate but that their concentrations would be reduced during the differentiation process by the increasing levels of miR-1/206. To this end, in both C2C12 myoblasts and day 6 2 6 8 myotubes we initially measured the amounts of miR-1 and miR-206 by qPCR as well as the global changes in their mRNA transcriptomes by RNA-Seq (Supplementary Table 2 ). These 2 7 0 analyses showed that while miR-1 and miR-206 levels are very low in myoblasts, both miRNAs Since miRNAs often exert mild effects on individual targets [37, 38] , we used the RNA-Seq 2 7 5 dataset to assemble a list of genes down-regulated by 1.3-fold or more during differentiation. We 2 7 6 then retrieved the set of 896 predicted miR-1/206 targets from TargetScan and found that the 2 7 7 levels of 354 decreased during myogenesis ( Supplementary Table 3 ). In order to evaluate whether particular functional categories are enriched in this gene set, we 2 7 9 employed the DAVID functional annotation clustering tool, which groups functional categories 2 8 0 with similar gene sets from multiple different annotation sources to capture biological themes. Of 2 8 1 the 354 candidate C2C12 miR-1/206 targets, 351 had associated DAVID IDs. We found 21 2 8 2 clusters ( Supplementary Table 4 ) with an enrichment score greater than 1.30 (indicating an Our bioinformatics analysis predicted mRNAs encoding four of these proteins, Srsf1 (ASF/SF2), 2 9 1 Srsf3 (Srp20), Srsf9 (Srp30c), and the SR-related protein Tra2b, as miR-1/206 targets. Since Srsf1 has an established critical role in heart development [18] , we focused our attention on the 2 9 3 remaining candidates. We assayed miRNA targeting in C2C12 myoblasts, which, as already 2 9 4 1 4 noted, have extremely low levels of both miR-1 and miR-206. We co-transfected cells with 2 9 5 constructs expressing a reporter Renilla luciferase gene fused to the mouse 3' UTRs of our RNA 2 9 6 candidates and either miR-1 or miR-206 overexpression plasmids. We determined the specificity 2 9 7 of miR-1 or miR-206 by measuring the targeting activity of miR-450a-1, a non-myogenic 2 9 8 miRNA which does not have overlapping predicted targets with miR-1/206. Luciferase 2 9 9 quantification showed that this miRNA did not cross-react with the selected SR 3' UTRs or with and 2x1 constructs as well as on the 3' UTR of Ccnd1, previously identified as a miR-206 target 3 0 5 in C2C12 cells [42] . We also monitored promoter interference causing potential transcriptional 3 0 6 repression of the reporter construct using a miRless construct, which expresses the Renilla 3 0 7 luciferase RNA without miRNA target sites. Figure 1A shows the result of this analysis with constructs co-transfected with the control miRNA, miR-450a-1 (see Materials and Methods). The data, presented as fold change versus miR-450a-1 control, show that miRless expression did 3 1 1 not change appreciably in the presence of miR-1 or miR-206 and that miR-1 and miR-206 3 1 2 efficiently targeted 2x1 and 2x206 along with the positive control Ccnd1 ( Figure 1A ). Furthermore, both miR-1 and miR-206 also reduced luciferase activity by targeting the 3' UTRs of Srsf9 and Tra2b fused to the reporter gene while they did not have any effect on the Srsf3 UTR was modest in magnitude. Thus, we focused our next set of experiments only on Srsf9 3 1 7 1 5 activity and its potential role in muscle differentiation. We substantiated the specific miR-1/206 3 1 8 targeting of the Srsf9 3' UTR by MRE mutagenesis. When we reversed the orientation of the 3 1 9
predicted MRE in the Srsf9 3' UTR, which preserves positioning of any unrecognized flanking 3 2 0 elements, this mutant construct (termed Srsf9 MRE Rev) restored reporter gene activity to levels 3 2 1 measured in the presence of the control miR-450a-1 ( Figure 1C ). Taken together, these results To broaden the data obtained in myoblasts, we next surveyed the activity of the reporter differentiation program ( Figure 1D; Supplementary Figure 2) . Interestingly, we observed a 3 3 0 similar pattern for the Ccnd1 reporter construct ( Figure 1D) . Consistently, the mRNA expression 3 3 1 levels of Srsf9 and Ccnd1 measured six days after differentiation were significantly reduced 3 3 2 (Figure 2A ), which is also in accordance with the RNA-Seq data. We also queried a quantitative We extended this analysis to embryonic limb formation in the developing mouse. As shown in Figure 2B , we found that both miR-1 and miR-206 expression, which increased between 3- and 5-fold as embryogenesis progressed, peaked during the transition to mature adult muscle. In Srsf9 and Ccnd1 showed a modest decline in expression from embryonic day 15.5 to day 19.5 3 4 1 but a marked decrease from the embryonic to adult mouse transition ( Figure 2C ).
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The inability to down-regulate Srsf9 expression during myogenesis results in impaired 3 4 3 differentiation. Finally, we investigated whether the down-regulation of Srsf9 expression plays 3 4 4 an important role in controlling the sequential myogenic pathway. To this end, we generated primers and antibody revealed that both Srsf9-GFP and GFP were stably expressed in our cell 3 5 0 pools ( Supplementary Figure 4 A,B) . More importantly, time course analysis showed that the 3 5 1 presence of the heterologous 3' UTR stabilized the level of Srsf9-GFP mRNA throughout cell Figure 4C) . Moreover, we found that, as revealed by co- of the number of nuclei residing in a fused syncytium (defined as a cell with 2 or more nuclei) at 3 5 8 day 6 of differentiation showed that the average fusion index of cells expressing Srsf9-GFP was 3 5 9 significantly lower than the ones expressing either GFP or the empty vector control ( Figure 3B ). Since Srsf9-GFP differentiated myotubes imaged at day 6 appeared to have reduced width 3 6 1 compared to controls, we measured whether the myotube-positive area of each field of view was 3 6 2 statistically smaller when normalized to DNA-positive area, a control for potential differences in the DAPI area derived from the binary derivatives. As shown in Figure 3C , the stable expression 3 6 7 of the Srsf9-GFP construct, which is refractory to miR-1/206 targeting activity, resulted in a blunted in Srsf9-GFP cells ( Figure 3D ). This is indicated not only by decreased expression at 3 7 3 individual timepoints but also by statistically different curves fit to each series when comparing 3 7 4 GFP control and Srsf9-GFP cells. Finally, as the myogenesis program is fundamentally 3 7 5 orchestrated at the transcriptional level, we measured induction of the muscle regulatory factor 3 7 6 myogenin which is robustly expressed at early myogenic timepoints and then decreases as much weaker in the Srsf9-GFP cells ( Figure 3E ). Since the series could still be fit to a quadratic 3 8 0 curve, with myogenin expression in Srsf9-GFP cells peaking mid-time course and then declining 3 8 1 at day 6, we believe the data do not support a simple delay of differentiation. Taken together, 3 8 2 these data strongly suggest that proper progression throughout the steps of muscle differentiation In this report we used a computational analysis of differentiating C2C12 myoblasts to 3 8 6 identify miR-1/206 targets relevant to myogenesis. We found that the 3' UTRs of several RNA-3 8 7 binding proteins, which belong to the SR splicing factor family, were highly enriched in our 3 8 8 bioinformatics assessment. Accordingly, we discovered that down-regulation of one of its 3 8 9 members, Srsf9, controls myoblast differentiation. One limitation of our computational method is 3 9 0 that it predicts miR-1/206 targets based on the decrease of their RNA levels; targets that are 3 9 1 translationally inhibited but not regulated at the mRNA level, such as Hdac4 and Igf1 [25, 45, 46] , 3 9 2 escaped our analysis. However, several genome-wide studies on miRNAs, which include miR-1, 3 9 3 have shown good correlation between RNA and protein levels [28, 38] . miR-1 and miR-206 are highly conserved members of the myomiR family that also includes of genes implicated in transcription (Pax3, Pax7, Hdac4; [24, 40, 45, 48, 49] ) and cellular 3 9 9 proliferation (Pola1; [26] ). In this study, we found that down-regulation of the splicing factor We report here that miR-1/206 target the Srsf9 3' UTR during C2C12 myoblast 4 3 6 differentiation. This is the first report showing a direct correlation between this member of the 4 3 7 SR protein family and muscle maturation. We demonstrate that Srsf9 down-regulation is Availability of data All data generated or analyzed during this study are included in this 4 5 4 published article and its supplementary files.
5 5
Competing interests The authors declare that they have no competing interests. 
